A number of agents reducing interleukin-1␤ (IL-1␤) activity are being developed as novel immunomodulatory and anti-inflammatory therapies. However, the elucidation of their molecular mechanism of action is required in the context of medical management of inflammatory diseases. Inhibitors of histone deacetylases (HDACs) are promising anticancer agents with pleiotropic activities. Of these, suberoylanilide hydroxamic acid has been reported to inhibit the production of several proinflammatory cytokines. In the present study, we investigated the effects of 2 HDAC inhibitors on IL-1␤ secretion: suberoylanilide hydroxamic acid and a newly developed hydroxamic acidderived compound ITF2357. These HDAC inhibitors do not affect the synthesis or intracellular localization of IL-1␤ but both strongly reduce the levels of 
Introduction
Interleukin-1␤ (IL-1␤) is a potent proinflammatory cytokine; subnanomolar concentrations following intravenous injection into humans are sufficient to cause several inflammatory responses. 1 Thus it is not surprising that the production of active IL-1␤ is tightly controlled, on more than one level. 2 A first level is transcriptional: IL-1␤ is not expressed in healthy individuals. A second is translational, as high levels of IL-1␤ mRNA can be present in cells in the absence of translation. 3 The third and perhaps the most complex is the pathway by which the initial translational product, the inactive IL-1␤ precursor, is cleaved into an active form and released extracellularly. The cleavage of the inactive IL-1␤ precursor is accomplished by caspase-1 and both cleavage and secretion appear to be linked. However, the activation of caspase-1 itself from an inactive form is also tightly controlled by mechanisms that have only recently been partially elucidated. 4, 5 Similar to other clinically relevant cytokines, IL-1␤ lacks a secretory signal peptide and avoids the classical exocytotic route. 6 Two major steps can be envisaged in the IL-1␤ secretion process in human monocytes, the primary sources of IL-1␤. First, toll-like-receptor ligands such as lipopolysaccharide (LPS), peptidoglycans, or the intracellular nucleotide oligomerization domain (NOD) agonists induce gene expression and synthesis of the IL-1␤ precursor 2 ; however, it accumulates in the cytosol and only a portion of the total synthesis enters a specialized subset of secretory lysosomes, where inactive procaspase-1 is also present. 4, 7 Once stimulated, monocytic cells release approximately 20% of the IL-1␤ slowly over 24 to 48 hours into the extracellular compartment, unless a stimulus-triggered secretion event takes place. A powerful stimulus of secretion is exogenous ATP, which acting in an autocrine manner on P2X7 receptors expressed on the surface of monocytic cells, 8 facilitates IL-1␤ secretion. In vivo, ATP accumulates at the site of inflammation, released by dying cells or actively secreted by monocytes or other inflammatory cells, such as platelets, and thus accelerates the secretion of the mature cytokine. 8 Engagement of P2X7 receptors triggers a series of events, leading to IL-1␤ processing and secretion, both of which have been dissected and partially clarified. Fundamental to the engagement of the purinergic P2X7 receptor is the efflux of K ϩ from the cell, which occurs simultaneously with ATP activation. K ϩ efflux appears crucial for the generation of active caspase-1 from its inactive precursor [9] [10] [11] through activation of calcium-independent phospholipase A2 (iPLA2). 12 The exit of K ϩ is then followed by Ca 2ϩ entry 13 and the sequential activation of phosphatidylcholinespecific phospholipase C (PC-PLC) and calcium-dependent phospholipase A2 (cPLA2), which is required for lysosome exocytosis and secretion of IL-1␤. 4 The small peptide LL37, released by activated neutrophils and epithelial cells, triggers P2X7 receptors, and thus also can facilitate secretion of IL-1␤. 14 An important cellular process that remains to be clarified is whether and how the cytoskeleton contributes to IL-1␤-containing vesicle movement and/or exocytosis. The involvement of the cytoskeleton in vesicle and organelle transport is a longstanding concept. However, the molecular constituents vary considerably depending on the cell type or the cargo vesicles themselves, and the complete picture of the roles of the cytoskeleton in vesicle transport and exocytosis remains unclear. For instance, the combined action of actin-myosin and microtubule networks is required for intracellular lysosome movement. 15 In contrast, only the microtubule network seems involved in secretory lysosomes and secretory granule exocytosis in different cells 16 ; in mast cells, actin filaments have been shown to down-regulate degranulation. 17 Despite the tight regulation of processing and release of IL-1␤, several inflammatory disorders are known, each of which result from a defective secretion of IL-1␤. Among these are the autoinflammatory syndromes such as Muckle-Wells syndrome, familial cold-induced autoinflammatory syndrome, familial mediterranean fever as well as systemic juvenile rheumatoid arthritis, which affect growing children and are particularly devastating. 5 Importantly, blocking the IL-1 receptors in each of these diseases with treatment by the IL-1 receptor antagonist (IL-1Ra) returns these patients to normalcy, [18] [19] [20] thus confirming the exquisite dependency of excessive secretion of IL-1␤ in the pathogenesis of these syndromes.
Although IL-1Ra therapy is safe and effective, it requires daily injections and its efficacy is directly related to occupancy of IL-1 type I receptors, which are present on nearly all cells. 2 Furthermore, the relatively short in vivo half-life of the antagonist and urinary excretion necessitates the use of large quantities of the recombinant protein. For these reasons, blocking the secretion of IL-1␤ would offer a specific therapy for the inflammation due to IL-1␤. Although developed to increase proapoptotic genes for the treatment of cancer, 21 the inhibitor of histone deacetylases (HDACs), suberoylanilide hydroxamic acid (SAHA), reduces secretion of mature IL-1␤ from human peripheral blood mononuclear cells in vitro and the level of circulating IL-1␤ in mice that had been given injections of LPS, without affecting the steady-state levels of IL-1␤ mRNA or the intracellular levels of precursor IL-1␤. 22 However, SAHA does not target caspase-1, at least in vitro, and the mechanism underlying its ability to reduce the secretion of IL-1␤ remains to be clarified. 22 Most HDACs are nuclear enzymes, involved in the epigenetic regulation of gene expression by modulating the acetylation state of core histones. 23 Accordingly, the major and most studied substrates of HDACs are histones. Several transcription factors and nuclear import factors have also been shown to be regulated by processes of acetylation and deacetylation. 24 In addition, 2 cytoplasmic targets of HDACs have been identified: ␣-tubulin 25 and heat shock protein 90 (HSP90). 26 Deacetylation of both proteins is mediated by HDAC6, which acts cytoplasmically. 25, 27 In addition, ␣-tubulin is a target of the NAD-dependent histone deacetylase SIRT2. 28 Based on this information we hypothesized that the inhibition of HDAC activity could alter the microtubule organization leading to the inhibition of IL-1␤ secretion. Here we investigated the molecular components of the IL-1␤ secretory pathway, which may be affected by 2 HDAC inhibitors, SAHA and ITF2357, both hydroxamic acid-derived, orally active compounds with known anticancer activities 29 but also anti-inflammatory properties. 30 
Materials and methods

Chemicals and antibodies
LPS, ATP, trichostatin A (TSA), HC-toxin, paclitaxel (Taxol), nocodazole, proteinase K, Ponceau S, and Tween-20 were purchased from SigmaAldrich (Milan, Italy). Arachidonyl trifluoromethylketone (AACOCF3) and bromoenol lactone were obtained from Alexis Biochemicals (Lausen, Switzerland). SAHA, ITF2357, and ITF-nil (ITF2375) were synthesized by Italfarmaco, Cinisello Balsamo, Italy. 29 
Cell cultures
Human monocytes isolated from buffy coats from healthy donors, enriched by adherence in RPMI 1640 medium containing 10% fetal bovine serum (all from Sigma-Aldrich) were activated with 1 g/mL LPS for 4 hours or 18 hours at 37°C in RPMI 1640 medium supplemented with 1% Nutridoma-HU (Roche Applied Science, Monza, Italy) as described. 4, 7 In each experiment, supernatants were first collected and then replaced with RPMI/1% Nutridoma in the presence or absence of 1 mM ATP or other drugs as indicated and incubated for the indicated times. After the addition of ATP, supernatants were collected and cells were lysed in 1% Triton X-100 lysis buffer. 4, 7 Microglial N9 cells were obtained from Dr C. Verderio (Consiglio Nazionale delle Ricerche-Institute of Neuroscience, Milan, Italy) and maintained as described. 33 One million cells were activated with 100 ng/mL LPS for 4 hours followed by 1 mM ATP for 20 minutes as described. 33 
Subcellular fractionation by differential ultracentrifugation
Subcellular fractionation was performed as described. 4, 7 Briefly, monocytes were washed, resuspended in homogenizing buffer (250 mM sucrose, 5 mM EGTA, 20 mM HEPES-KOH, pH 7.2) at 5 ϫ 10 7 /mL and disrupted in a Dounce homogenizer. The postnuclear supernatants (PNSs) were diluted 10-fold and centrifuged at 50 000g for 5 minutes, resulting in a pellet enriched in endo-lysosomes, as confirmed by electron microscopy (not shown); the pellet was treated with 0.1 mg/mL proteinase K in the presence or absence of 1% Triton X-100 for 30 minutes on ice. The 50 000g-generated supernatants were subjected to 40 minutes of centrifugation at 100 000g to obtain soluble cytosol.
ELISA analyses
IL-1␤, IL-8, and TNF-␣ content of supernatants from human monocyte cultures was determined by enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN).
The IL-1␤ content of supernatants of N9 cells was assayed by ELISA (Pierce Endogen, Woburn, MA). Triton X-100 (2%) was added to supernatants to solubilize microvesicles. 33 
Western blot analysis
Cell lysates, pellets from subcellular fractionation, trichloroacetic acidconcentrated supernatants or cytosolic fractions were boiled in reducing Laemmli sample buffer, resolved on 12% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred as described. 4, 7 Filters were probed with the different Abs followed by the relevant secondary Abs as indicated and developed with ECL-plus (Amersham Pharmacia Biotech, Milan, Italy). Densitometric analyses were performed by analyzing at least 3 different exposures of the same blot.
Flow cytometry
Cells were processed and stained with anti-␣-tubulin or anti-acetyl-tubulin followed by the relevant secondary reagents as described. 34 Data acquisition was performed using a FACSort cytometer (Becton Dickinson, Milan, Italy). The percentage of positive cells and mean values of fluorescence intensity were evaluated using CellQuest software (Becton Dickinson).
Determination of phospholipase activity
PC-PLC and PLA2 activity was measured using the Amplex Red PC-PLC assay kit provided by Molecular Probes Europe (Leiden, The Netherlands) and the cPLA2 Assay Kit by Cayman Chemical (Ann Arbor, MI) according to the manufacturer's instructions. Briefly, 50 g cell lysates were used for each sample. PLC activity (mU/g) was determined by comparison with the positive controls. 4 PLA2 activity (nmol/g per minute) was calculated as indicated in the kit instructions. 4 
Calcium mobilization assay
Monocytes adherent on a glass coverslip, activated with 1 g/mL LPS for 4 hours at 37°C in the presence or absence of HDAC inhibitors, as indicated, were loaded with the acetoxymethyl-ester of Fura-2 (Fura-2-AM, 1 M) for 1 hour, placed under an AXIOVERT 10 microscope (Zeiss, Milan, Italy) maintained at 37°C, and stimulated with 1 mM ATP. Fura-2-AM was excited at 340 nm and 380 nm, and emitted light was filtered at 510 nm. The fluorescence ratio at 340:380 was evaluated by a charged-coupled device camera (Atto Instruments, Rockville, MD). Results are presented as the mean of fluorescence of at least 50 cells in each experiment monitored for 15 minutes. [Ca 2ϩ ] i increase was calculated as described. 4 
Measurement of K ؉ efflux
Two million monocytes, which had been incubated for 4 hours with 1 g/mL LPS in the presence or absence of HDAC inhibitors were exposed to 1 mM ATP for 30 minutes. The reaction was stopped by removal of the medium followed by lysis of the cells in 10% nitric acid. Cell extracts were then spun at 100 000g for 1 hour and the K ϩ content was assayed in an atomic absorption spectrophotometer. 9, 12 Cytolytic assay Natural killer (NK)-cell cytolytic activity against K562 was tested in a 51 Cr-release assay as described. 34 Briefly, K562 cells were loaded with 51 Cr and cocultured for 4 hours with NK cells (pretreated for 4 hours with the different drugs) used as effector cells, at a different effector-to-target (E/T) ratio. Results are expressed as percentage of cytotoxicity as described. 34 
Mixed lymphocyte reaction
Allospecific T cells were obtained by coculturing purified T cells with allogenic irradiated peripheral blood mononuclear cells as described. 35 After 1 Figure  1A -B), suggesting that the 2 compounds exert their inhibitory effects on IL-1␤ secretion at the level of lysosomal exocytosis. SAHA is active at 0.1 M (70% of inhibition), but loses efficacy at lower concentrations ( Figure 1B ). In contrast, ITF2357 maintains its inhibitory effect at low concentrations; for example, at 20 nM ITF2357 inhibits IL-1␤ secretion by 60%.
To further investigate the mechanism of action of the 2 compounds, we studied the effects of SAHA and ITF2357 on the intracellular localization of pro-IL-1␤, procaspase-1, and cathepsin D. Monocytes stimulated with LPS in the presence or absence of the inhibitors were subcellularly fractionated and the presence of IL-1␤ in the lysosomal-enriched fraction was analyzed. Figure 1C shows that the relative amount of pro-IL-1␤ detected in the lysosomes of untreated cells (about 10% of the total cellular content) was equivalent to that found in the same fraction of cells exposed to SAHA or ITF. Similarly, the procaspase-1 content in the same lysosomal fraction was unaffected by treatment with the 2 compounds. As a control, the endolysosomal marker cathepsin D, which cofractionates with pro-IL-1␤ and procaspase-1 in comparable amounts (about 40% of the total content), is present in both untreated and treated cells. Figure 1D shows a representative experiment, with similar amounts of pro-IL-1␤ (upper panel), procaspase-1 (middle panel), and cathepsin D (lower panel) in lysosomal fractions (Ly) and postnuclear supernatants (PNSs) of untreated or ITF2357-treated monocytes.
These data indicate that the 2 compounds do not interfere with the intracellular targeting of pro-IL-1␤ and caspase-1.
Both SAHA and ITF prevent PLA2 but not PLC activation
We have previously shown that IL-1␤ secretion by monocytes is driven by a series of sequential events involving PC-PLC and cPLA2 activation. 4 Therefore, we investigated whether SAHA or ITF2357 interfere with phospholipase functions. As shown in Figure 2 , whereas PLC activation is unaffected by ITF2357 or SAHA, both compounds inhibit PLA2 activation by 50%.
Kinetics of SAHA and ITF inhibitory effects
To investigate the effect of SAHA or ITF2357 on cells actively synthesizing pro-IL-1␤, monocytes were stimulated with LPS and treated with the 2 compounds for the entire time of culture (4 hours) or exposed to the inhibitors for the last 2 hours or 1 hour. At the end of the incubation time cells were triggered for 10 minutes with ATP, and secretion of IL-1␤, caspase-1, and cathepsin D was evaluated. As shown in Figure 3 , 4 hours of treatment with SAHA or ITF2357 lead to a complete inhibitory effect on IL-1␤ secretion. Only about 25% of inhibition is obtained when monocytes cultured for 2 hours with LPS were exposed to the compounds for an additional 2 hours before triggering with ATP, and no inhibition is observed when treatment is restricted to the last hour before addition of ATP.
HDAC inhibitors with different specificity block IL-1␤ secretion
SAHA possesses well-known HDAC inhibitory activities 22, 37 ; ITF2357 has recently been shown to cause H3 and H4 histone hyperacetylation in an hepatoma cell line and in PBMCs, respectively. 29, 30 We reasoned that the inhibition of lysosomal exocytosis observed with SAHA and ITF2357 could be due to their inhibitory effects on HDACs, and that the time elapsed between exposure to the inhibitors and block of IL-1␤ secretion (Figure 3 ) may be required for the hyperacetylation of a substrate, in turn responsible for blocking the exocytosis of the secretory lysosomes. We therefore investigated whether other HDAC inhibitors 37 affect IL-1␤ secretion. Among the compounds tested, TSA, like SAHA, results in nonselective inhibition of all HDACs. In addition, the fungal metabolite, HC-toxin, is a trapoxin-related inhibitor, selective for class I HDACs, whereas tubacin specifically binds to the catalytic domain of HDAC6, 31, 32 which is responsible for the deacetylation of ␣-tubulin 25,27,32 and HSP90. 26 As shown in Figure 4A , exposures of monocytes to each of the different HDAC inhibitors resulted in a block of secretion of IL-1␤ without any effect on its intracellular accumulation. Similar inhibition was For personal use only. on October 17, 2017. by guest www.bloodjournal.org From observed on caspase-1 and cathepsin D secretion (data not shown). HDAC inhibitors did not affect ATP-induced K ϩ efflux and Ca 2ϩ entry, ruling out that their inhibitory effects on IL-1␤ secretion are due to interference with the proximal signaling responses to P2X7 activation ( Figure 4B-C) . Also, the different compounds decrease the amount of IL-1␤ secreted by monocytes during 18 hours of culture with LPS, without additional ATP stimulation, from 50% to 80% ( Figure 4D) .
To test the specificity of the effect of HDAC inhibitors on cytokine release, we compared the secretion of IL-1␤ with that of IL-8 and TNF-␣. IL-8 is released by default via the ER-Golgi pathway. 38 On the other hand, TNF-␣ is trafficked from the Golgi to the recycling endosomes, from which it is transported to the cell surface. 39 As shown in Figure 4D , 18 hours of secretion of IL-8 was almost unaffected by HDACs, the highest inhibition being 25% and 30% upon treatment with TSA and HC-toxin, respectively. Secretion of TNF-␣ was decreased by the various HDAC inhibitors, although considerably less than that of IL-1␤.
We then compared the effects of HDAC inhibitors on the acetylation state of nuclear (histones) and cytoplasmic (␣-tubulin and HSP-90) targets of HDACs in activated monocytes. Treatment with each of the HDAC inhibitors except tubacin resulted in marked hyperacetylation of histone H4 ( Figure 5A ). In contrast, none of the compounds tested induced detectable acetylation of HSP90 ( Figure 5B ). Exposure to HDAC inhibitors resulted in different hyperacetylation of tubulin when evaluated both by cytofluorimetry ( Figure 5C ) and Western blotting ( Figure 5D ). However, HC-toxin did not result in a detectable change in the acetylation state of tubulin. Of note, ITF2357 induced H4 and tubulin acetylation, even if to a lesser extent than the other inhibitors, at a concentration greater than that required for inhibition of IL-1␤ secretion (100 nM versus 50 nM).
Cytoskeletal inhibitors interfere with lysosome exocytosis
To further explore the role of cytoskeleton on lysosomal exocytosis, we studied the effects of different cytoskeleton-perturbing agents on the secretion of IL-1␤. As shown in Figure 6 , treatment with the actin depolymerizing fungal metabolite cytochalasin D 17 increased IL-1␤ secretion in the absence of ATP triggering ( Figure  6A , lane 3), confirming our previous data. 40 We next examined the effects of 2 different substances, nocodazole and taxol, which act as microtubule disrupting and stabilizing agents, respectively, the net effect being the impairment of microtubular function. 41 The results show that distinct from cytochalasin D, both drugs only slightly influenced basal secretion ( Figure 6A, lanes 2, 4) , but substantially impaired ATP-induced secretion ( Figure 6A, lanes 6, 8) . However, at high concentrations of taxol (20 nM and 40 mM), a paradoxical effect was often observed, with increased lysosomal exocytosis and secretion ( Figure 6A, lanes 9, 10) . As shown, taxol-induced hyperacetylation of tubulin was consistently dose dependent ( Figure 6B ). Together, these results indicate that microtubules participate in lysosomal exocytosis and that the levels of tubulin acetylation must be tightly balanced to allow a correct vesicle transport.
In an attempt to understand the molecular basis of the stimulatory effect of cytochalasin D on IL-1␤ processing and secretion, we exposed LPS-treated monocytes to cytochalasin D together with compounds that block processing and/or secretion of IL-1␤ at different levels. Figure 6C shows that Ca 2ϩ depletion, which prevents ATP-triggered IL-1␤ secretion, 7,13 also inhibits the secretion induced by cytochalasin D (Figure 6C, lane 7 versus lane 1) . Likewise, AACOCF3, which blocks cPLA2, essential for IL-1␤ externalization, 4 strongly inhibits secretion ( Figure 6C, lane 5) . Interestingly, cytochalasin D-induced secretion is also prevented by pretreatment of monocytes with HDAC inhibitors ( Figure 6C , lanes 2-4). However, treatment with BEL, an inhibitor of iPLA2 that prevents processing of the precursor form of IL-1␤, 4, 12 results in increased secretion of unprocessed pro-IL-1␤ ( Figure 6C , lane 6).
Effects of deacetylase inhibitors on T-lymphocyte and NK-cell activity
Secretory lysosomes and tubulin rearrangement are involved in a number of immunologic-related responses, including NK cellmediated cytotoxicity and antigen presentation. 16, 42 To assess whether HDAC inhibitors have any effects on these responses, we tested the different compounds in 2 in vitro assays, NK killing and a secondary mixed lymphocyte reaction (MLR). As shown in Figure 7A , neither SAHA nor ITF2357 have significant effects on NK-cell lysis of the tumor cell line K562. In contrast, a small reduction in the killing was observed after exposure to TSA, HC-toxin, or tubacin. Of note, a clear correlation with induction of tubulin acetylation in NK cells is absent ( Figure 7B ). It remains unclear why ITF2357-treated NK cells, unlike monocytes, do not display detectable acetylation of tubulin even at higher concentrations (100 nM). When the different compounds were tested on alloreactive T cells toward allogenic DCs, ITF2357 and HC-toxin For personal use only. on October 17, 2017 . by guest www.bloodjournal.org From did not reduce or enhance proliferation; low levels of inhibition were observed with SAHA, TSA, and tubacin ( Figure 7C ).
Discussion
The development of novel therapeutic strategies for inhibition of IL-1␤ activity is central for the treatment of many systemic inflammatory diseases caused by this cytokine. Understanding the mechanisms that control IL-1␤ processing and release is therefore of considerable importance not only as a matter of basic mechanisms but also for the development of innovative anti-inflammatory therapies. We have previously identified a subset of secretory lysosomes as vehicles for the extracellular delivery of IL-1␤, and outlined the key role of the sequential activation of phospholipases C and A2 in regulating exocytosis. 4, 7 Here we extend the understanding of the IL-1␤ secretion pathway by defining the involvement of the cytoskeleton in the process of exocytosis. We report that microtubule targeting agents, including taxol and nocodazole, impair IL-1␤ secretion, indicating that a functional microtubule network is required for the release of this cytokine. Microtubules play important roles in the immuneinflammatory response. Tubulin rearrangement in dendritic cells is critical not only for the organization of the immune synapse at the interface with T cells 42 but also for the polarized release of cytokine-containing secretory lysosomes at the synaptic cleft. 34, 35 This is in agreement with the function of microtubules as tracks along which organelles and vesicles are transported through the cell, and supports previous observations that the microtubular cytoskeleton is essential for exocytosis of secretory lysosomes in hemopoietic cells. 16 A major finding of this study is that HDAC inhibitors are highly effective in reducing the secretion of IL-1␤. Remarkably, all the HDAC inhibitors assessed in this study, apart from HC-toxin, prevent IL-1␤ secretion and induce tubulin acetylation. Tubulin undergoes acetylation by the cytoplasmic HDAC6 25, 27 or by the recently described type III HDAC SIRT2. 28 Since the HDAC inhibitors we explored are directed to class I or II enzymes, with no activity on class III, as it is for ITF2357 (not shown), their target is likely to be HDAC6 rather than HDAC SIRT2.
A role for tubulin acetylation has been proposed in cell motility 27 but the true significance of this posttranslational modification as well as its role in other microtubule functions is still debated. 43 It is conceivable that tubulin acetylation affects the activity of microtubule-associated proteins or motors, for this would result in an impaired vesicle transport. Interestingly, the microtubule stabilizing agent taxol, which induces a concentrationdependent acetylation of tubulin, is less effective in blocking secretion of IL-1␤ at concentrations resulting in greater acetylation. This is reminiscent of the paradoxical effect reported for SAHA on IL-1␤ secretion: at high concentrations (which results in stronger tubulin acetylation, not shown) the inhibitory effects on IL-1␤ secretion decreased or even reversed. 22 These observations suggest that the degree of tubulin acetylation must be under a tight balance to allow correct progression of exocytosis. For example, an excessive acetylation may result in a loss of contact with regulatory proteins associated to microtubules. Alternatively, high doses of taxol or HDAC inhibitors may deregulate other posttranslational modifications of tubulin, 43 resulting in enhanced rather than reduced exocytosis.
The lack of detection of intracellular mature IL-1␤ and caspase-1 upon treatment with HDAC inhibitors suggests that these drugs also attenuate the activity of either caspase-1 or other inflammasome regulatory proteins. 5 As iPLA2, which is implicated in caspase-1 activation, 7, 11, 12 is also involved in various cytoskeletonmediated processes of membrane trafficking, 44 it is tempting to speculate that tubulin hyperacetylation inhibits iPLA2 activity.
The discrepancy between the effects of HC-toxin on lysosomal exocytosis, which is blocked, and tubulin acetylation, which apparently is unaffected ( Figure 5 and Haggarty et al 32 ) , suggests that either a cellular target different from tubulin is responsible for the inhibitory effects of this compound on IL-1␤ secretion, or that low levels of tubulin acetylation, undetectable in our assays (cytofluorimetry and Western blot), are sufficient to prevent lysosomal exocytosis. Consistent with the latter possibility, high concentrations of ITF2357 induced tubulin acetylation, but low concentrations effectively blocked IL-1␤ secretion without detectable modifications on the acetylation state of tubulin. In any case, the kinetics of inhibition of IL-1␤ secretion by HDAC inhibitors (Figure 3 and not shown) reveals that 4 hours of exposure to the drugs are required to achieve the inhibitory effect, suggesting that one or more hyperacetylated substrates participate in reducing lysosomal exocytosis. The possibility that HDAC inhibitors, acting on nuclear substrates, promote the synthesis of unknown proteins able to contrast lysosome exocytosis is unlikely, as blocking protein synthesis in LPS-activated monocytes does not prevent the secretion of previously synthesized IL-1␤. 6 Our data do not, however, rule out the possibility that other HDAC6-sensitive molecules may also (or alternatively) participate in the secretion inhibitory process.
Treatment of monocytes with HDAC inhibitors does not affect the proximal signaling responses to P2X7 activation (eg, K ϩ efflux and Ca 2ϩ influx), 8 but inhibits the activity of cPLA2 (Figure 2) , which is required for IL-1␤-containing lysosome exocytosis. 4 Functional association between microtubular cytoskeleton and phospholipases has been demonstrated in several models. [45] [46] [47] [48] In particular, cPLA2 is implicated in EGF-or FGF-induced cytoskeletal reorganization and has been found to interact with microtubules. 47, 48 Based on these observations, it is possible that in monocytes the activation of cPLA2, as discussed for iPLA2, requires a microtubule rearrangement: induction of tubulin acetylation even if weak, such as in the case of ITF2357, could prevent this activation.
In contrast to microtubule poisons, cytochalasin D induces IL-1␤ secretion, confirming our previous results. 40 This enhanced secretion is likely to be mediated by Ca 2ϩ entry and cPLA2 activation, since monocytes exposed to cytochalasin D in the presence of Ca 2ϩ chelators or PLA2 inhibitors do not exhibit increased secretion. These findings are in agreement with previous reports indicating that microfilament disruption leads to increased activity of cPLA2 17 and that cytochalasin D elicits Ca 2ϩ mobilization and activates cPLA2 in polymorphonuclear leukocytes. 49 Studies on macrophage or microglia cell lines have suggested that low efficiency ATP-triggered IL-1␤ secretion is mediated by microvesicles shed from the plasma membrane. 33, 50 When HDAC inhibitors were added to the N9 microglia cell line, the release of IL-1␤ was unaffected (data not shown), suggesting that tubulin and cPLA2 are not implicated in this pathway.
The HDAC inhibitors explored in this paper display a relevant specificity for IL-1␤ release, induced either by LPS only or by LPS plus exogenous ATP. Indeed, the same HDAC inhibitors only slightly affect the release of the chemokine IL-8, a proinflammatory protein secreted through the classical exocytotic pathway. 38 In contrast, the amount of TNF-␣ 39 secreted by HDAC-treated monocytes is decreased, although to a lesser extent than IL-1␤. In the case of IL-1␤, HDAC inhibitors prevent the secretion but not the synthesis of the precursor (Figures 1A, 4A ). In the case of TNF-␣, inhibition occurs at the level of gene expression (not shown), as reported for SAHA 22 and ITF2357. 30 HDAC inhibitors have recently emerged as novel agents with potential therapeutic value for the treatment of cancer, and are currently in development or early-phase clinical investigation. 51 Our present data suggest that these drugs can also be suitable for the treatment of inflammation. In particular, ITF2357, given its very high activity and specificity, is a good candidate to be developed as an anti-inflammatory drug that could have wide utility in numerous IL-1␤-mediated inflammatory conditions.
